This report investigates a mathematical simulation of heat and mass transfer in a crossflow heat exchanger designed using the Maisotsenko cycle. This heat exchanger has been recently used in air conditioning units by utilizing the benefits of indirect evaporative cooling. A one-dimensional heat-and mass-transfer model is developed to perform thermal calculations of the indirect evaporative cooling process, thus quantifying overall heat exchanger performance. This mathematical model accounts for many unique features of the cross-flow heat exchanger
INTRODUCTION
Centrifugal air coolers used in traditional air conditioning systems are structurally complex and have low thermodynamic efficiency, leading to high power consumption. Due to the nature of power generation in most parts of the world, widespread production, distribution, and use of these traditional cooling systems poses environmental risks due to pollution of our air and water, and potential impact on climate. Therefore, curtailing our use of traditional air conditioning systems will reduce power consumption and ultimately lead to a healthier environment now and in the future. In order to curtail the use of traditional air conditioning systems, an alternative solution must be provided, leading us to the use of direct and indirect evaporative air coolers.
Direct evaporative cooling operates based upon an interaction between water and air, in which air reduces its temperature by humidifying itself. As a result, warm and dry air becomes cool and moist. In other words, the air has exchanged its sen-sible heat for latent heat through the evaporation of water. In direct evaporative cooling, after being humidified the air is delivered into the building. The total heat-transfer (which is a sum of sensible and latent) effectiveness is equal to zero (process is adiabatic). The main defect of this solution is when the air becomes too moist for an indoor environment, resulting in an unpleasant and often smelly living space. This problem can be solved by using indirect evaporative cooling. Thermodynamically, an indirect evaporative air cooler functions by creating two separate air streams (primary and secondary) to flow on either side of a single plate. The plate has a wet side and a dry side, such that the primary air passes over the dry side while the secondary air passes over the wet side. The water film absorbs sensible heat from the air streams in dry and wet channels, thereby cooling the dry side with the latent heat of vaporizing water into the air. As a result, the primary air is cooled without any moisture being added to it, thus providing a comfortable and pleasant living space. Indirect evaporative coolers can supply air conditioners with their necessary high efficiencies and low energy costs (Anisimov and Bolotin, 1996; Gillan, 2008; Pandelidis and Polushkin, 2011) . They can also lower air temperature and avoid adding moisture to the air. Furthermore, indirect systems are more efficient in cooling air than direct systems, which make them much more attractive. One of the newest and most novel indirect evaporative air cooling systems is based on the patented Maisotsenko cycle (M-cycle), which is named after the cycle inventor, Dr. Valeriy Maisotsenko (Maisotsenko et al., US patents) The Mcycle technology was proven and realized for the first time by Coolerado Corporation (Denver, CO, USA), which produces several air conditioners through the M-cycle (commercial, residential, solar, and hybrid). As proven by the US National Renewable Energy Lab (NREL), Coolerado's air conditioners consume 10 times less energy than traditional air conditioning systems, and the Coolerado hybrid air conditioner is up to 80% more efficient than traditional systems. Coolerado air conditioners fall into a new category of "ultra" class coolers because of their extreme energy efficiency and ability to cool air below the wet bulb temperatures without a compressor or chemical refrigerant.
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The heat and mass exchanger through the M-cycle is equipped with wet and dry sides of a platelike indirect evaporative cooler ( Fig. 1) but with a different airflow, thus creating a new thermodynamic cycle (resulting in product temperatures which approach the dew-point temperature of the air) (Bruno, 2011; Caliskan et al., 2012; Gillan, 2008; Maisotsenko et al., US Patents; Miyazaki et al., 2011; Worek et al., 2012) . In a theoretically optimal situation, it allows the product air to be cooled to the dew-point temperature of the incoming air. The air is then precooled before passing into the heat rejection stream where the water is evaporated (Miyazaki et al., 2011) .
With increasing interest in the M-cycle, it becomes important to improve the efficiency of the exchanger. This can be accomplished by optimizing the heat-and mass-transfer process with optimal usage of heat of phase translation, minimal energy consumption, minimal water usage, and minimal air pressure loss across the primary air channels. The best method of optimizing the M-cycle is a multimodule computer simulation based on a mathematical model. The experimental methods are less effective due to inaccurate measurements and the small size of the recuperator, which make the filling material surface's thermodynamic parameters impossible to measure. Creating a mathematical model requires solving plenty of problems, including:
• nonoccurrence of pure cross flow and regenerative flow between product and working air streams, which complicates the mathematical issue; • the mathematical problem of mixing the precooled dry and wet working air;
• changing of the working air velocity's vector at the entrance to the wet channel; and • the level of simplification in the physical equations, which can be applied in a model.
METHODS
The significance of the above-cited problems in simulating the considered unit calls for a detailed theoretical study. Therefore, in order to make initial assumptions for the M-cycle and to find its unique features of heat and mass exchange processes, the authors (Sergey Anisimov and Demis Pandelidis) have created the original ε-NTU-model for the evaporative cooling exchanger with simpler construction: the cross-flow, ribbed evaporative cooler Bolotin, 1996: Pandelidis and Polushkin, 2011) (Fig. 2 ).
FIG. 2: Cross-flow evaporative cooler
From a design standpoint, the distribution of thermodynamic variables normal to the heat exchanger plate surface are not of as much concern as the bulk average values. Therefore we gave preference to a one-dimensional transfer model (ε-NTUmodel) (Anisimov and Bolotin, 1996; Pandelidis and Polushkin, 2011; Riangvilaikul and Kumar, 2010) . In this case, the air stream in a matrix of passages is considered to be a gaseous fluid flow with constant temperature and mass-transfer potential in the direction normal to plate surfaces. The preliminary mathematical model for the M-cycle is based on the following assumptions:
• Airflow is an ideal, incompressible gas mixture of dry air and water vapors.
• The kinetic properties of air flow and water film are constant, and equal to bulk average values.
• The vapor's partial pressure gradient (i.e., the moisture content gradient) is the driving force of mass transfer.
• Longitudinal molecular diffusion of water vapor in air and longitudinal heat transfer at the expense of thermal conductivity are negligible.
• The water consumption rate corresponds to sufficient evaporation and maintains the plate material in a hygroscopic saturated condition. This causes the following water film to air flow heat capacity rate ratio (heat capacity of air is much bigger than water):
The equations for the considered ε-NTU-model describing the heat-and masstransfer process are realized in an orthogonal coordinate system. The heat-and mass-transfer processes are illustrated in partial differential equations of energy and mass balance made up for separated air streams:
where the X _ _ axis is directed parallel to primary flow, the Y _ _ axis to working air flow, and the Z _ _ axis to the fulfillment's ribbing. The mathematical model also contains the following:
• The energy balance concerning the heat-transfer plate: 
where Dry-channel ribbing equations contain only sensible heat transfer (Figs. 3 and 4) , so they can be solved analytically (Pietrowski and Fastowski, 1964) :
where To derive the unique decision, the set of simultaneous partial differential equations is supplemented by a nonlinear empirical relation between absolute humidity of saturated air over liquid film and its temperature x wsat = f(t w ) (Anisimov and Z . uchowicki, 2003) . The boundary conditions and initial values of the thermodynamic parameters for each air stream are as follows:
• For the primary air stream:
• For the secondary air stream: The process of ε-NTU-model creation requires necessary consideration of fulfillment's nonisothermal lengthwise influence on the heat and mass exchange process (Bogosłowski and Poz, 1983; Žukauskas and Žiugźda, 1969) . The influence is represented by different kinds of temperature dependencies between air and the fulfillment's surface (linear, exponential, part-step, or combined). The lack of fulfillment's lengthwise isotherm deforms the temperature distribution on the boundary layer, and it changes its thickness. This consideration requires finding a functional dependence (adequate to changing bounder conditions) for the heat-transfer factor.
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During the numeric simulation iterating process, the shape of a longitudinal heatand mass-transfer potential coefficient is being assumed. If assumed parameters and results procured after solving differential equations are not compatible, the assumed functional gradient dependencies need to be adjusted. This cycle is being repeated until the longitudinal thermodynamic profiles at the beginning and at the end of iteration are equal. This creates a boundary problem which is not linear; therefore it is impossible to find an analytical solution -the differential equations under boundary conditions were carried out by a numerical procedure.
Numerical analysis was executed with the help of the Runge-Kutta method, distinguished by sufficient accuracy and stability based upon experience with other similar types of problems (Bogosłowski and Poz, 1983; Patankar, 1984) . The algorithm described above is realized in a multimodule computer simulation program. Its accuracy has been validated by solving examples with familiar analytical solutions and by solving the same examples with different integration steps. In this state the smallest number of computable web loops was being achieved for X _ _ and Y
_ _
axis steps equal to 0, 01.
RESULTS AND DISCUSSION
After numerous calculations, it was established that combined heat and mass transfer in a cross-flow heat exchanger is characterized by complex and diverse temperatures and humidity profiles, which depend upon the combinations of thermodynamic, hydrodynamic, and other factors. The analysis of temperature distribution in secondary cross-flow passages reveals the existence of two particular heat-and mass-transfer areas (2e-Ω and Ω−2 o in Figs. 5b and 5f ). The air temperature decreases when the secondary air stream enters the wet channel from the "precooled" dry channel (2e-Ω), reaching a minimum value at a certain distance from the entrance, and then going up in the remainder of the wet channel (Ω−2 o ). This can be explained as follows: the high values of temperature and absolute humidity differences at the entrance of secondary flow channels (2e-Ω) cause intensive water evaporation and secondary airflow cooling as a result (Figs. 5b, 5d , and 5f ). At the same time, the fulfillment's temperature t p2 ′ gradually increases because virtually constant sensible heat flow from the adjacent primary air stream begins to exceed the evaporative cooling ef- illustration of heat and mass exchange processes on psychrometric chart for different entrance parameters; (c) output temperature for air with constant entrance relative humidity and variable entrance temperature; (d) working air's temperature surface plot; (e) primary air's temperature surface plot; (f) average sensible and latent heat transfer; (g) output temperature for air with constant entrance temperature and variable relative humidity; (h) output temperature for air with constant entrance moisture content; (i) efficiency relative to the wet bulb temperature for air with constant entrance moisture content
fect (Figs. 5b and 5f ). Therefore, the temperatures of the secondary air stream t 2 and the fulfillment's surface at a certain distance from the flow inlet become equal (point Ω in Figs. 5a and 5f ). As a result of water film heating on the terminal parts of the plate, the temperature of the liquid film t p2 ′ becomes higher than secondary airflow temperature t 2 . Thus, the combined heat-and mass-transfer process at the exit part of the secondary flow channels is characterized by the change of sensible heat exchange direction. The analysis of deformation of longitudinal profiles of temperature and absolute humidity differences (t p2
, caused by coupled heat and mass exchange boundary conditions, shows that it is possible that the Lewis relation is not satisfied (Le ≈ 0.9) (Anisimov and Žuchowicki, 2003; Pandelidis and Polushkin, 2011) .
The increased secondary air temperature influences the primary air stream's cooling efficiency. As seen on the temperature chart (Fig. 5e) , the main flow's temperature increases along with the value of Y _ _ . Another analysis is necessary to determine a relationship between cooling effectiveness and the airflow's entrance parameters (Figs. 5b, 5c, . Based on the lowest predicted output temperature value, the air cooler is most efficient in dry and hot climates (Figs. 5c, 5g , and 5h), but wet bulb temperature effectiveness (also dew-point effectiveness) is highest in wet conditions, proving that efficiency related to wet bulb or dew-point temperature is not an adequate indicator for evaporative coolers. The defect stems from the method of calculation:
When air is saturated and relative humidity reaches the maximum, the exchanger does not cool the air at all, but t 1e = t 1o = t WB , so wet bulb effectiveness reaches
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Anisimov & Pandelidis (Fig. 6 ).
CONCLUSIONS
1. The existence of two active heat-and mass-transfer areas have been noticed:
• It is important to study how the increased working air temperature influences cooling efficiency.
• It is presumably possible that the Lewis rule can be transgressed in both active areas.
• The existence of two active heat-and mass-transfer areas changes the boundary conditions between the air stream and the fulfillment's surface. This makes heat transfer impossible to calculate with the logarithmic temperature difference method.
2. Wet bulb and dew-point effectiveness is not an adequate efficiency factor for indirect evaporative air coolers.
3. One of the most influential parameters on cooling effectiveness is the relative humidity of the incoming air stream. It is important to make the incoming air delivered to the heat exchanger as dry as possible (like in solar air conditioning systems).
4. The reported calculations indicate that it is possible for the investigated heat exchanger to achieve high efficiencies.
